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Introduction
For several years, research to develop alternate fuels for nuclear research and test reactors has been underway to replace high enriched uranium (HEU) fuel with low enriched uranium (LEU) fuel (Burkes et al. 2010a; Snelgrove et al. 1997) . To achieve a similar U-235 content with low enriched uranium, given reactor space constraints, a higher bulk density of fuel is needed-necessitating the use of metal alloy fuel. An alloy that offers a good combination of irradiation performance, oxidation resistance, strength, and ductility is required for test-reactor applications. Various uranium alloys have been evaluated for many decades looking at mechanical properties and susceptibility to oxidation (Erickson et al. 1972; Antill and Peakall 1961) . Depleted uranium alloyed with 10 wt% molybdenum (U-10Mo) shows improvement in these regards compared to similar alloys (Burkes et al. 2010a ). However, the hot-rolling behavior must be modeled to optimize fabrication of the fuel. The first step in the modeling process is to ascertain accurate mechanical property information at the appropriate conditions. For hot working prediction, in particular, the flow stress must be tested over a range of strain rates and temperatures. Available U-Mo literature contains variable alloy and test conditions (temperatures and strain rates), making precise comparisons between data sets difficult. Although several studies have evaluated the properties of uranium alloys, none have looked specifically at the strain-rate sensitivity or other forminglimit behavior of U-10Mo (Clark et al. 2006; Waldron et al. 1958; Hills et al. 1961; Hills et al. 1964 ).
To determine the flow stress at conditions that represent hot work of U-10Mo, as-cast samples were tested in compression at temperatures between 400 and 800°C and at nominal strain rates between 1×10 . This report summarizes the results of a series of compression tests of U-10Mo alloy conducted at the Pacific Northwest National Laboratory.
Experimental

Materials
The 0.5-in.-long compression samples were machined from 1.5-in.-long by 0.25-in.-diameter pins that had been arc-melted and cast in copper molds at the Idaho National Laboratory (INL). The feedstock used in the arc melting was in the form of pieces sectioned from a coupon. The coupon was machined from vacuum-induction-melted and then cast plates of U-10Mo melted at 1330°C, cast into a graphite mold, and homogenized in-mold at 1100°C for 4 hr. All material processing, other than that performed at INL was conducted at the Y-12 National Security Complex.
The chemical composition of the arc-cast samples was not independently measured; however, the composition of the feedstock coupon was reported (Table 1) . 
Compression Sample Geometry
An example of the 0.25-in.-diameter test samples is shown in Figure 1a . The diameter was selected based on the availability of Idaho National Laboratory's pin casting mold and Pacific Northwest National Laboratory's test fixture. A length of 0.5 in. was chosen to prevent, or minimize, buckling due to the expected low elastic modulus and work hardening for the U-10Mo at elevated temperatures. Ideally, the sample would be longer to minimize frictional end effects along the length of the specimen and minimize barreling; however, when determining flow stress at relatively high strain, the elastic modulus (tangent modulus) can be so low that the sample buckles and grossly under predicts the flow stress. The 2:1 length-to-diameter ratio was considered the maximum ratio allowable to avoid buckling and still provide the most accurate flow stress possible.
As previously mentioned, no further thermomechanical processing or heat treatments were conducted on the as-cast samples prior to testing. The ends of the right cylinder specimens were examined and any cutting burrs were removed. Samples were measured to evaluate end-to-end perpendicularity; if required, minimal wet sanding was conducted in a glovebox using a jig made specifically for squaring the end surfaces. 
Mechanical Testing
Mechanical testing was performed in a servo-hydraulic Instron tensile testing machine using a boxtype furnace with an argon cover-gas atmosphere (Figures 2a and 2b) . Before heating, the furnace was purged at an elevated Ar flow rate (estimated to be five furnace exchanges) over 15 minutes. During testing, a continuous Ar flow flushed oxygen away from the specimen to minimize oxidation (Figure 2c ). Evidence of sample oxidation was observed, particularly at temperatures ≥600°C. The test system used (Instron) is based on a servo-hydraulic design integrated with digital control and data collection. A test procedure was written and used as the primary test instruction. A custom-designed compression-test system was used. As shown in Figures 1b and 2c , the sample is compressed as the fixture is pulled in tension, thereby minimizing the impact of alignment. Boron nitride lubricant was used between the platens and the test samples during the tests.
Heating rates were consistent throughout testing; samples were heated from room temperature to 350°C at 10°C/min. After holding for 30 min at this 350°C, the heat was increased, typically at a rate of 5°C/min, to the desired test temperature. Once the test temperature was reached, the sample was allowed to soak for 15 min prior to compression. Table 2 shows the matrix used for the 32 tests summarized in this report, which includes testing at 6 temperatures and 3 different strain rates. Appendix A contains a detailed list of all tested samples. 
Results
Due to the test system configuration, the desire to measure flow stress at high strains, and complications associated with the reactivity of the U-10Mo, compression tests were conducted without a strain gauge/extensometer or other methods to evaluate strain/deformation (e.g., digital image correlation). Therefore, compressive load was measured as a function of the cross-head velocity and then used to calculate stress and strain. To increase the accuracy of the stress-strain data, displacements were later adjusted to compensate for the compliance (elasticity) of the testing system. The compliance of the system was determined by conducting compression tests using the test fixture without specimens at representative test temperatures and determining load displacement. To calculate strain, the displacement within the system without a sample as a function of load was subtracted from the actual test data. Figure  3 shows stress-strain plots, with and without compliance compensation, for samples strained with a crosshead velocity of 5×10 -3 in/s at 400°C. Henceforth, all the stress-strain data reported in this report will be compliance adjusted. The actual true-strain rates ( ) for each test were determined from the slope of true strain versus time and found to be 6.7×10 -2 , 6.5×10 -4 , and 8.6×10 -6 s -1 for the nominal strain rates of 1×10 -2 , 1×10 -3 , and 1×10
-5 s -1 , respectively. Due to the long testing times, the slowest strain rate tests used a 10 second dataacquisition time interval, unlike the other tests wherein the data was collected at a rate of more than 10 points/s. In addition, the 8.6×10
-6 s -1 tests were run for a fixed 2-hr period, rather than to a target strain level as done with the faster rates.
The slope of the curve in the elastic region was used to measure the Young's modulus. Three random sections within this region were averaged and used to measure the reported values of the modulus.
For each test, the true flow stress, σ f , was determined at a true offset strain of 0.1. The flow stress and true-stress/true-strain curves for each test were used to calculate strain-rate sensitivity, m, strain-hardening exponent, n, and strain-hardening coefficient, K (See Equations 1 and 2) (Dieter 2001) .
Mechanical Properties
True-stress/true-strain curves for each test condition, under compressive loads, at various strain rates and temperatures are provided in Figure 4 . Plots, like those in Figure 4 and Appendix B, were used to determine n, m, and  f (flow stress) which are summarized in Table 3 . Flow stress decreased with increasing temperature from a maximum of 125 ksi at 400°C to a minimum of 5 ksi at 800°C. The effect of temperature on flow stress for a given strain rate is plotted in Figure 5 . The increase in variation indicates that the U-10Mo exhibits strain-rate sensitivity as a function of temperature. At 400°C, samples showed no strain-rate sensitivity (m=0.0); however, samples tested above 500°C indicated reduced flow stress at lower strain rates. The maximum strain-rate sensitivity, m=0.22, was observed at 800°C. To accurately predict elastic modulus, a test method must be used to specifically develop an accurate hysteresis-free curve. However, by compensating for compliance and averaging several elastic regions of the stress-strain curve, an elastic (Young's) modulus of U-10Mo under compressive loads was predicted. The values for elastic modulus for different temperatures and strain rates are presented in Figure 6 . The trend clearly shows that as the temperature increases the Young's modulus decreases. The values are similar to those predicted and measured in previous studies of the mechanical properties of U-10Mo (Waldron et al. 1958 ). The strain-hardening exponent, n, and strength coefficient, K, were calculated using Equation 2 and are shown in Table 4 and plotted as a function of temperature and strain rate in Figure 7 . At a strain of 6.7×10 -2 s -1 the material strain hardened (n > 0) at all temperatures. However, the n value decreased as the temperature increased. At lower strain rates (8.6×10
-6 s -1 and 6.5×10 -4 s -1 ), it was observed that below 600°C, the material strain hardened, while above 600°C material strain softened (n < 0). A clear transition in the strain-hardening coefficient was observed at 600°C in all samples. This trend is consistent with the sudden drop in flow stress observed previously at a temperature greater than 600 o C. 
Discussion
To understand the effect of temperature on the mechanical properties of the samples, it is necessary to observe the phase equilibria ( Figure 9 ) and the Time, Temperature, Transformation (TTT) curves ( Figure  10 ) of the U-10Mo system. Earlier work by Burkes et al. (2010a Burkes et al. ( , 2010b Burkes et al. ( , 2010c determined that hightemperature  phase is retained at room temperature. Therefore, as-received samples can be assumed to have had significant proportions (more than 90 percent) of this high-temperature  phase. Further, Figure  10 shows that the time required to transform  into  phase is very sluggish. Hence, the time required to equilibrate the samples at 400 and 500°C was insufficient to transform the phase completely into phase. The tests may have been conducted with significant  structure. Similar test results were observed at 400 and 500°C. The difference in the mechanical properties is significant for those samples tested above the eutectoid temperatures wherein the stress-strain response, flow stress, strain hardening exponent and strain hardening coefficient drop drastically at 600 and 700°C, but slightly increase at 800°C, especially at high strain rates (Figure 4-7) . The variation in properties is within the experimental error range; however, because the tests at 400 and 500°C contained significant amounts of  phase, a linear relationship in properties would be expected in all tests. One possible explanation for the property variation is the shifting of the chemistry into either a pro-eutectoid or hyper-eutectoid region, forming a quantity of phases of lower strength than the  matrix.
To further the understanding of the U-10Mo system and its behavior at elevated temperatures, it is vital to study, in-depth, the effect of heat treatment on the phase transformation as a function of time and temperature. High-temperature x-ray diffraction tests would prove quite beneficial. Nonetheless, the data presented in this work serves as a starting point for modeling and prediction of the U-10Mo forming processes.
Summary and Conclusions
This work evaluated the effect of temperature on the mechanical properties of U-10Mo under compression. The data generated will be beneficial to successfully modeling the rolling and forming process of the alloy. The following trends were observed:
 An increase in temperature caused a drop in the flow stress.
 Above the eutectoid transformation, the drop in the flow stress was prominent and showed a strainsoftening behavior, especially at lower strain rates of testing.
 As the test temperature increased, the material became increasingly strain-rate sensitive.
To further the understanding of the effect of temperature on mechanical properties, detailed characterization of the U-10Mo at temperatures between 400 and 800°C needs to be conducted including:
 Effect of time and temperature on the transformation. High-temperature x-ray diffraction is needed to better understand the phases present when testing (or hot working).
 Effect of hot deformation temperature on the recrystallization behavior and final microstructure.
 Effect of stress at elevated temperature on the U-10Mo phase transformations.
Additional sample testing is planned within the existing temperature-strain-rate test matrix for those combinations where only single tests were conducted. 
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